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Abstract 
Paper presents the results of failure analysis of corrosion protection of steel bridges including evaluation of 
microclimate corrosivity and critical areas of bridge steel constructions during their service life. Microclimate around the 
road is higher mainly due to high deposition of chlorides from de-icing salts. This effect is not found to be significant only 
in winter season but during whole year. The durability of corrosion protection is affected even in project period when the 
design details may be inappropriate from the point of application or maintenance of corrosion protection. 
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1. Introduction 
The development of transport infrastructure and transport systems belongs between fundaments of 
competitiveness. The use of steel in bridges goes back to 100 years. Steel as a bridge construction material is 
available as wire, cable, plates, bars, rolled shapes (I beams) and built-up shapes. Rolled shapes are used as 
structural beams and columns and are made in various shapes, mainly as an I shape in many size and weights, 
with a straight or tapered flange thickness. Other common steel shapes include I-girders, box girders, and truss 
members. The steel bridges are much larger than both the reinforced concrete bridges and the prestressed 
concrete bridges. The steel bridges are used to carry linger spans and their percentage jumps for the span 
lengths over 46 m or longer. Contemporary bridges currently have a design life requirement of 120 years. The 
mild steel surfaces cannot ever been exposed without corrosion protection. The most common and effective 
way to protect steel constructions is to maintain a protective coating system. For steel bridges, fatigue cracks 
and coating failure are two primary types of deterioration. The performance of the corrosion protective system 
is a critical factor. Durability of corrosion protection is an important issue to consider when designing and 
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detailing steel bridges. Nowadays coatings have reach 20 to 25 years of lifetimes to the first major 
maintenance. The basis for choice and verification of materials and surface corrosion treatments long-term 
exposed to atmospheric environment is degree of corrosivity. General provisions are given in European codes 
to prevent the effects of corrosion during the lifetime of metal structures. The EN 1993–1–1 states few common 
principles, such as the opportunity of providing corrosion protection measures by means of surface protection 
systems, improving the use of weathering and stainless steel and by structural redundancy. It should be noted 
that in this case, no references are made to models able to estimate the corrosion loss of materials. Rate of 
corrosion attack, resp. mass loss and/or thickness reduction, of construction steel can be estimated from data of 
atmospheric corrosivity (EN ISO 9223, EN ISO 9224, EN ISO 14713). The same approach is applied for EN 
ISO 12944 for painting system choice and testing. Paper presents the results of failure analysis of corrosion 
protection of steel bridges including evaluation of microclimate corrosivity and critical areas of bridge steel 
constructions during their service life. Very important is a design of steel bridge construction – there are 
specific area where the corrosion stress is higher. Microclimate around the road is higher mainly due to 
deposition of chlorides from deicing salts. This effect is not found to be significant only in winter season but 
during whole year. The durability of corrosion protection is affected even in project period when the design 
details may be inappropriate from the point of application or maintenance of corrosion protection. 
2. Corrosivity microclimate for bridge constructions 
For the atmospheric corrosion there are two dominant corrosion stimulators – industrial air pollution 
represented by SO2 and salinity. As a result of significant reduction of SO2 air pollution since 1995 at the CR, 
and Europe, too, the currently structural metals and protective coatings lifetime is relatively high in mild 
atmospheric environment [1] - [4]. A significant reduction of their lifetime still occurs due to specific corrosion 
stress including the impact of increased emission concentrations and deicing salt occurrence at road 
microclimates. Especially chlorides are an important stimulator of atmospheric corrosion. The effect of salts on 
structural deficiency of steel bridges was investigated in many studies. The basic problem for estimation of this 
effect is large uncertainty of source data. Aerosol of deicing salt is formed as the moving vehicles spray salt 
water or salt particles into the air. Wind and vehicle speed, type of vehicle and the density of traffic all 
influence the amount of formed salt mist and how far it is carried from roads. Large saltwater droplets land up 
to 15 m far away from roads. Concentration of chlorides is very high also in dust fall in surroundings of roads 
and it deposits of metal surface like the secondary dustiness.  Affect of chlorides of deicing salts is detected up 
to 1,9 km far away from highways with high traffic intensity and up to about  150 m high [4] - [7]. In period 
2009-12 the chloride deposition from deicing salt was monitored in different periods and localities on various 
samples of structures of traffic infrastructure around the highways D1, D8 and D11, Czech Republic – Table 1. 
Chloride analysis had been performed in season without deicing salts application. Samples were withdrawn 
from inert surfaces without layer of corrosion products. The total number of particle deposits and chloride 
depositions then depends on climatic conditions at the time of sampling and on immediately previous period 
(deposits are washed off by precipitation).  
Table 1. Average chloride deposition on highway infrastructures 
exposure conditions chloride concentration (g Cl-/m2) 
spring autumn 
open atmosphere      0,02 1,50 
“shelter“     1,50 2,63 
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The constructions can be divided according the crossing barriers. In 2009, the atmospheric corrosion test 
was carried out in the road microclimates. Samples of carbon steel and zinc were exposed vertically in three 
localities in the Czech Republic in the open atmosphere, i.e. exposed to all environmental influences, and 
„covered with shelter“, i.e. without rinsing by precipitation. The amount of chlorides in surface layers of 
corrosion products and deposits ranged in 0.12 – 0.15 g.m-2. Corrosion loss of structural metals on highway 
microclimate is about 3 - 10 times higher than on open atmosphere without the influence of traffic (deicing 
salts). Under conditions of exposure without rinsing by precipitation (shelter) corrosion loss is even higher – in 
C4 or C5 and CX according to EN ISO 9223 – Table 2.  
Table 2. Highway microclimate corrosivity 
material corrosivity category 
 open atmosphere open atmosphere near the road shelter near the road 
carbon steel C2 C3 C4 
zinc C2 - C3 C4 - CX C5 - CX 
In 2011 the coating systems of bridges were evaluated including the analysis of depositions, Table 3. All 
evaluated bridges are crossing natural barriers, so there was only one source of deposition – the traffic. The 
amount of chloride deposits does not depend on the time of exposure. The position of surface is more 
significant – orientation to dominant wind direction, the vertical or horizontal position, the access of 
precipitation to surface (positive effect of washing off), etc.  The highest chloride concentration was found at 
the surfaces near to roadway, especially in industrial areas (e.g. bridge IV/50 – Table 3), and on beam wall 
under deck where debris and corrosive deicing salt-laden water are directly deposited on painted member under 
expansion dams.  
Table 3. Analysis of deposits on bridge construction 
bridge road No 
time of 
service 
(years) 
area of bridge 
construction 
conductivity  
(μS.cm-1) 
pH 
concentration of corrosion 
stimulators (g.m-2) 
Cl- SO42- NO3- 
R1  R1 1 crossmember 286 7,4   32,9 145,2 47,7 
R1  R1 1 beam wall 21 6,8     6,4   14,2 55,7 
Apollo  D1 6 parapet 24 7,9     0,9     0,1   0,7 
Apollo D1 6 noise barrier 24 7,8     0,9     0,2   0,6 
18053-1  III/202 6 beam wall 30 7,6     1,1     0,4 - 
18053-1  III/202 6 flange 24 7,8     1,1     0,0 - 
IV/50  II/468 2 peg of tension bar 423 6,7 0,9 - - 
IV/50  II/468 2 plate of tension bar 28 6,9 0,2 - - 
3. The effect of bridge design 
The comparison of corrosion losses of carbon steel exposed in vertical and horizontal surface at open 
atmospheres and under “shelter” was obtained from field tests performed at localities with various chloride 
depositions in 1990. Together with high chloride deposition (corrosivity category C4) the horizontal surfaces 
corroded the most intensively at open and shelter conditions. In this environment the corrosion loss of shelter 
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vertical surface corroded more intensive than free vertical surfaces. In less aggressive environment with lower 
chloride deposition (corrosivity category C3) the corrosion losses are the most intensive for both surfaces 
exposed in shelter conditions. All these surfaces can be found on bridge structures. Corrosion is even 
accelerated on areas where construction details provide pockets or crevices to retain moisture and deposition 
(scuppers, downspout, bottom inside flange of girders, horizontal surfaces under the edge of bridge decks and 
expansion dams). Problems may occur for the structural metal fixings such as bolts, rivets, screws and pins. 
Rust detected around their heads may indicate corrosion along the entire length of them causing reduced 
structural integrity. The corrosion rate is significantly higher at crevices than on flat, open surfaces – Table 4.  
Table 4. Typical rate of carbon steel corrosion (mm.a-1) 
uniform corrosion pitting corrosion crevice corrosion 
0.01 – 0.5 0.4 – 8.0 0.3 – 12.0 
 
The critical surfaces are all areas affected by retain moisture and/or deicing salts runoff. Deicing salts may 
cumulate on horizontal surfaces under the edge of bridge decks and under expansion dams (see Fig 1). In case 
of deteriorated scupper and beneath downspout the water and salt solutions may be runoff directly on steel 
girder surfaces. The painting systems are exposed to very severe corrosion stress and their service life is 
significantly reduced. From field evaluation of many bridges it was estimated that the higher corrosion stress is 
ca in distance of 1.5 times of beam width from expansion dams. To reduce corrosion stress of bridge structures 
[8] it is suitable: to eliminate of  bridge joints; to eliminate such design details, which may retain 
water/moisture; expansion dams must be function and leakage water cannot run on steel surfaces; to install 
drip-mouldings to minimalist wetness of construction surface, etc. 
 
Since the actual corroded surfaces are different from each other, only experimental approach is not enough 
to estimate the remaining strength of corroded bridge members. It is necessary to categorize the different 
corrosion conditions which can be seen in actual steel structures, into few general types for better 
understanding of their remaining strength capacities considering their visual distinctiveness, amount of 
corrosion and their expected mechanical and ultimate behaviour [8]. The effect of deicing salts usually results 
into pitting corrosion attack of steel. Typical areas of heavy pitting are surfaces under expansion joints. As the 
corrosivity for these bridge’s surfaces are ca C5, the severe corrosion attack may occur after ca 2 years after 
protective coating failure. There are defined various criteria in different internal documents e.g. critical 
deterioration is 1/3 corrosion loss in flange at flexure zone or more than 50% loss in web at supports [10]. The 
severe corroded members may suffer by microscopic cracks which can lead to a loss of strength. 
4.  Deterioration of protective coating systems 
Paint systems for steel bridges have developed over the years in response to technological advancements that 
have brought improved performance, and more recently to comply with industrial environmental legislation. 
Various paint systems are specified by highway authorities, based upon the environmental, accessibility to 
maintenance, and the life until maintenance of the coating is necessary. 
 
Guidance for the prevention of corrosion by good design detailing can be found in EN ISO 12944, Part 3. A 
number of aspects have to be considered for the choice of the appropriate system: type and expected life of the 
bridge, local climate and other environmental site conditions, constraints relating to maintenance, possibilities 
of surface preparation, metal spraying or galvanizing, and feasibility of applying the coating. Access to all 
surfaces to provide both the initial surface treatment and subsequent maintenance painting is essential. Narrow 
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gaps, difficult to reach corners, and hidden surfaces should be avoided wherever possible. Similarly, clearance 
between connecting members at junctions, and the degree of internal angles at skewed web stiffeners should 
allow access for coating and inspection. 
 
The rate of coating deterioration varies significantly depending on coating type, number of coating layers, 
quality of surface pre-treatment (cleanness, roughness, etc.), and quality of coating application work, and 
exposure conditions. The coated members are exposed to many deterioration effects - moisture, air pollution, 
UV radiation, mechanical damage, etc. UV radiation breaks down the binder, leaving the pigments exposed to 
the environment.  It is known that some colours are more sensitive to this type of deterioration (blue, white and 
light grey) but these colours are relative frequently required by architects for bridge construction. The rate of 
coating deterioration varies significantly depending on coating type, quality of coating application work, and 
exposure conditions that can include multiple level of severity within a bridge. There are many coating systems 
that performed very well and obtained corrosion protection of steel bridge structures for 25 – 30 years. 
Approximately since 1991 new steel bridges have been painted with a three coats systems, where primer is zinc 
rich coat based on moisture cured binder (ethylsilicate or polyurethane paints) or epoxy resin, epoxy 
intermediately layer and polyurethane top coat in sufficient thickness.  
 
After welding, it is essential that the joint surfaces are prepared to the specified standard. The welds’ surface 
shall meet the requirements of ISO 8501-3 and national requirements RSD (Road and Motorway Directorate of 
the Czech Republic) published in manual TPK 19. Standard ISO 8501-3 requires Very Thorough Preparation 
P3 for corrosivity category C4 and C5, but designers like to welds create decorative pattern and for these 
reasons the weld surfaces are left as made and the coating failure usually starts on such areas. Stripe coating 
along corners, edges or welds is often specified to provide good local coverage of the coating to achieve a 
thickness comparable or higher that achieved on a flat surface. Rapid coating damage occur in isolated 
locations exposed to leaking water and with overlapping members such as gusset plates and bolted splices 
subjected to water, debris and salts. These “hard to coat” crevices and tight spaces can result in rapid paint 
durability loss and signification section loss of structurally critical members in a relatively short period.  
 
The poor-quality coating deteriorates through porous coating layers that left water, oxygen, and soluble salts 
may go through layer and reach the steel before signs of coating degradation are visible. When a protective 
coating has deteriorated beyond a certain level, it can lead to section loss of the steel substrate without a timely 
repair. E.g. WSDOT policy is to repaint steel bridges when approximately 2 to 5 % of the existing coating 
system is failured (Table 5) [11]. The amount of time it takes a bridge to reach this condition depends on the 
type of paint, bridge type, and geographic location of the bridge. Generally, paint systems will last 15 to 20 
years before total repainting is required, but local repainting may be necessary after few years on critical 
surfaces of bridge structure.  
Table 5. Criteria for protective coating deterioration [11] 
 
evaluated parameter according standards 
EN ISO 4628 
protective coating condition 
state 1 
repainting is not 
necessary 
state 2 
local repainting 
is  necessary  
state 3 
consultation 
with specialist 
state 4 
total repainting 
is necessary  
corrosion area/degradation  of coating system (rusting) < 3 % 3 – 10 % <  20 % > 20 % 
coating system adhesion > 2A or 2B > 3A or 3B < 3A or 3B 0A or 0B 
coating system thickness < 500 μm < 500 μm 500 – 750 μm > 750 μm 
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Conclusion 
A highway bridge is classified as structurally deficient if the deck, superstructure, substructure, or culvert is 
rated in "poor" condition (V and VI classified categories according to ČSN 73 6221 Inspection of Road 
Bridges). The corrosion attack of steel bridges may occur after protective coating system’s deterioration. 
Current methods of coating assessments are conducted using visual evaluation and physical measurements of 
coating properties - adhesion, thickness, colour, gloss and other parameters performed by technical standards or 
other specifications. Routine coating inspections are done visually and it is difficult to detect early coating 
degradation taking place at the microscopic level. The progress of attack on engineering metals and alloys is 
usually observed to be linear when the total damage is plotted against exposure time on logarithmic 
coordinates. Guiding values of corrosion attack can be used to predict the extent of corrosion attack in long-
term exposures based on measurements of corrosion attack in the first-year exposure to the outdoor atmosphere 
in question. Crevices and sheltered areas not exposed to rain impingement have been observed to experience 
significantly higher corrosion damage than open surfaces. The limited predictability of corrosion protective 
paint system is the main reason why corrosion tests and corrosion-monitoring programs are so important. 
Properly conducted, these tests can provide significant savings. In case of road constructions they are built-in 
specific requirements. They are tested new method based on computer software program for high-resolution 
photographs of coated structures taken with digital camera. The software includes non-uniform algorithms 
using image processing filters that enhance slight differences in coating hues, identify areas where coating have 
faded of are deteriorated (flaked, blisters, delaminated, etc.). 
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